Single vs. multimode laser beams have been compared for laser ablation on steel samples. Laser plasma properties and analytical capabilities (precision, limit of detection) were used as key parameters for comparison. Peak fluence at focal spot has been observed to be higher for Gaussian beam despite ~14-fold lower pulse energy. A comparison of Gaussian and multimode beams with equal energy was carried out in order to estimate influence of beam profile only. Single mode lasing (Gaussian beam) results in better reproducibility of analytical signals compared to multimode lasing while laser energy reproducibility was the same for both cases. Precision improvements were attributed to more stable laser ablation due to better reproducibility of beam profile fluence at laser spot. Plasma temperature and electron density were higher for Gaussian laser beam. Calibration curves were obtained for four elements under study (Cr, Mn, Si, Cu). Two sampling (drilling and scanning procedures) and two optical detection schemes (side-view and optical fiber) were used to compare Gaussian and multimode beam profile influence on analytical capabilities of LIBS. We have found that multimode beam sampling was strongly influenced by surface effects (impurities, defects etc.). For all sampling and detection schemes, better precision was obtained if Gaussian beam was used for sampling. In case of single-spot sampling better limits of detection were achieved for multimode beam. If laser sources have same wavelength and equal energy than quality of laser beam became a crucial parameter which determined plasma properties and analytical capabilities of LIBS.
Introduction
Laser induced breakdown spectroscopy (LIBS) is one of the perspective methods for express multi element analysis of samples in different states (solid, liquid, gas) 1,2 . Laser parameters (energy, wavelength, etc.) are strongly influence laser matter interaction and consequently analytical capabilities of method. Influence of laser wavelength 3 , laser fluence 4 , pulse duration 5 and burst of pulses 6,7 on plasma properties and LIBS analytical capabilities were extensively studied in literature. In most cases a solid state Nd:YAG laser is used for LIBS measurements because such lasers provide a reliable, compact, low price and easy to use source of laser pulses 1,2 . Depending on used Nd:YAG laser model a wide variety of output laser characteristics can be obtained: output wavelength; pulse duration; double pulse mode; beam profile. Beam profile can be different depending on laser model 8 : a Gaussian (single mode, TEM 00 ) profile for higher stability and smaller laser spot; multimode (TEM xy ) profile for higher energy; super-Gaussian profile for higher energy; flat-top profile; "camomile" beam profile 9 . It should be noted that other output laser characteristics are also depend on chosen resonator type (stable, unstable) and lasing regime (single mode or multimode).
Usually, in any application of laser spectroscopy it is preferable to use single mode lasing for Nd:YAG laser since better reproducibility of pulse energy can be achieved. However, such choice of lasing mode is not straightforward for LIBS. If single mode lasing (Gaussian beam profile) is chosen than better reproducibility of laser energy will be achieved and better precision of analytical signal should be obtained. Gaussian beam can be focused into smallest spot compared to other profiles thus higher fluence at focal plane or better spatial resolution in chemical mapping applications can be obtained. On the other hand single mode lasing will result in decrease of the pulse energy thus less mass of sample will be ablated and less energy can be transferred to plasma excitation. It should results in decrease of analytical signal and should reduce the sensitivity of analysis. For laser systems based on single oscillator (low price or compact system) such choice of lasing mode will dramatically determine output laser pulse characeristics (reproducibility; pulse energy and laser spot size: spatial resolution, fluence) and consequently analytical capabilities of LIBS system. To the best of our knowledge, study of optimal lasing regime for LIBS has not been carried out in literature so far.
There are three characteristics of output laser beam that should be substantially different for single mode and multimode lasing: energy, beam profile and reproducibility. Influence of pulse energy (fluence) on laser ablation was systematically studied in literature 1 . A few studies of beam profile influence on laser plasma properties have been also published in literature. All papers were focused on particular features of beam profile influence on laser ablation rather then on influence for analytical capabilities of LIBS. Chalear et al. 10 indicated that stability of analytical signal can be increased if only central part of inhomogeneous multimode laser beam from excimer laser is used. However, authors didn't give any quantitative evaluation of such improvement. Several theoretical and experimental studies were carried out to find out the best beam (Gaussian or "flattop") for high resolution depth profile analysis by LIBS 11, 12 . Comparison of laser ablation with "flat-top" and super-Gaussian beam profiles were carried out by Laserna's group 13 . Plasma properties were compared in terms of plasma temperature and electron density but no impact of beam transformation on analytical figures of merit were discussed. For laser ablation sampling at ICP -MS 14 a multimode beam profile was transformed to the "flat-top" profile in order to improve laser ablation. Better reproducibility of sampling and decrease of fractionation were achieved in this work. It was explained that "flat-top" beam profile resulted in more stable ablation, less droplets was formed and better atomization of sample was obtained. In most recent work concerning beam profile influence a Gaussian and a "spoiled" beams were used for laser ablation in resonant enhanced LIBS 15 . It was observed that Gaussian profile give better reproducibility, signal and longer emission time compared to "spoiled" profile. Better analytical results were also achieved for laser ablation with Gaussian profile than with "spoiled" profile.
Finally, reproducibility of laser pulse energy and beam profile should be lower for multimode lasing according laser's theory 8 thus lower reproducibility of laser ablation should be achieved. 
Experiment
The presented in Figure 1 experimental setup was used for comparison of different lasing modes.
Laser plasma was generated in air by focusing a laser beam normally onto the sample surface. Exact position of focal plane was determined during M 2 measurements.
Two optical detection schemes were used in this setup. First scheme was side-view scheme ( Fig.   1b ) with quartz lens (F = 120 mm) used for plasma image projection with 1:1 magnification on spectrograph slit. This arrangement allowed to detect space resolved spectra and emission from central part of laser plasma was collected in the present study (dimensions 0.05x4 mm ). Second optical scheme was a scheme with spatial-integrated emission detection. In this case quartz fiber optic was used to collect plasma emission and to transfer it to spectrograph slit. Optical fiber bundle (100 µm diameter) was placed 30 mm from laser spot and under 41 0 angle to sample surface that allow to detect the emission coming from all the plasma regions (Fig. 1a) . Such optical scheme with quartz waveguide was used only for analytical capabilities comparison. Spectrograph (Andor Shamrock SR -303i) with gated ICCD (Andor iStar) were used for spectra detection and time resolved measurements. A low noise microphone and oscilloscope were used for optoacoustic measurements. A first minimum in acoustic oscillogram was selected as signal since time delay between laser pulse and first minimum was equal to the time needed for sound wave in air to travel between laser spot and microphone.
Reference samples of low -alloy steel were used for comparison of Gaussian and multimode beam laser sampling. Samples composition is presented in Table 1 . In order to increase stability of signal and to diminish influence of impurities at the surface all samples were polished before every measurement with sandpaper (ISO grit designation P 2400 ).
Laser crater profiles were measured with white light interferometer microscope (NewView 6200, Zygo Corp.).
Results and Discussion

Laser beam profile in far and near fields
A detailed study of laser beam profile at laser output (near field) and at laser spot on sample surface (far filed) was performed ( 
Crater
Crater dimensions after 100 pulses, l x w x h, µm nearly the same for both lasing modes (about 2%). Despite 14 times lower energy for laser beam at single mode lasing a peak value of fluence at laser output were higher for Gaussian beam ( 
Spectra and Signal
In LIBS, the choice of spectral region and specific analytical lines depends on several factors: spectral interference, transition probabilities, detector sensitivity and possibility of self-absorption.
Additionally, in analytical atomic spectrometry, it is conventionally to use an internal standardization by comparing the analytical line intensity with that of the major (matrix) Table 3 .
Laser plasma was obtained with two laser beams and resulted spectra are compared in Figure 5 . It was observed that under the same timescale condition (width 1 µs, delay 5 µs) intensity of plasma spectrum for laser plasma created with multimode (83 mJ) laser beam was ~ 10 3 larger compared to Gaussian beam. However better signal -to -background ratio (I analyt /I background ) and higher ion -to -atom intensity ratios were achieved for laser plasma spectrum obtained with Gaussian beam at chosen gating condition. For MeG beam plasma lifetime was less 5 µs thus spectrum was detected with another gating (width 1 µs, delay 2 µs). Results of temperature and electron densities study for various periods of plasma evolution are presented in Figure 6 . For Gaussian beam sampling greater temperature and electron density of plasma were observed for first moments. After 5 µsec temperature and electron density was observed to be equal for two cases of laser beam sampling. Higher temperature for first moments of plasma formation can be explained by higher peak fluence for Gaussian beam in laser spot. Fast decay of temperature for
Gaussian beam sampling should be attributed to lower ablated mass thus plasma cooling was more fast. For multimode beam with low pulse energy (6 mJ) plasma cools very fast and temperature can be determined only for first 3 µs. Low values of temperature and electron densities for MeG beam case are explained by low fluence at sample surface. 
Analytical capabilities
The experimental setup was calibrated for four elements (Cu, Si, Mn, Cr) of low-alloy steel samples. Analytical capabilities of different laser sources were compared in terms of precision, limit of detection and regression coefficient of calibration curve. Optimization of signal detection for different beam sampling was performed: sampling procedures, detection schemes and time gated conditions.
Sampling strategy
Usually, two procedures of sampling are widely used in LIBS 22,23 : drilling sampling (single-spot sampling) and scanning sampling (multi-spot sampling). First method of sampling uses single-spot strategy with a stationary sample and some pre-pulse treatment before detecting analytical signal.
This procedure is used to clear the surface from oxides or contaminations and to increase reproducibility of ablation thus increase precision of signal. However crater formation could influence such sampling with pulse number ascending 24 and preferential evaporation could be significant25. Second procedure implies scanning spot strategy (multiple spots) when every laser shot achieve a new sample surface 26 . Such sampling is achieved by target movement (sample rotation or shifting) so the plasma signal is not influenced by crater formation and by possible nonuniform distribution of sample composition. On the other hand, such sampling is more sensitive to surface effects (contaminations, oxides, mechanical defects) and could suffer from possible instability of lens -to -sample distance during sample movement. Both methods of sampling were used in this study for comparison of laser ablation with different laser beam profiles. According to the drilling sampling strategy (single-spot), 500 laser pulses were used for ablation at the same spot to estimate effects of crater formation. We used side-view detection scheme for comparison of sampling strategies. Intensity of matrix (Fe II 273.08) and analytical line (Cr II 283.56) was measured in combination with optoacoustic signal and results are presented in Figure 7 . For ablation with Gaussian beam, it was observed that during first 30 laser pulses the intensity of ionic lines reached maximum and then slowly decreased. Mean intensity values didn't change significantly after 100 pulses and pulse -to -pulse intensity reproducibility was constant. For multimode beam ablation (83 mJ), same tendency for increasing of mean intensity during first 50 pulses was detected. However pulse -to -pulse fluctuations were increasing dramatically with pulse number and no stabilization of pulse -to -pulse reproducibility was observed. For multimode beam with low energy (6 mJ), mean value of intensity didn't change significantly for first 100 pulses and signal reproducibility was poorer than for multimode beam with 83 mJ.
We have observed that optoacoustic signal changed during the first 10 pulses for all laser beams.
Optoacoustic signal should be proportional to ablated mass as was discussed in paper 10 . This supposition was verified in our experiment conditions for both laser sources (see supplementary materials fig. s1 ). Consequently, observed reproducibility of ablated mass were rather high and was nearly the same any case of laser beams. After 20 pulses, reproducibility of measured sound signal was more than 6 times better than measured reproducibility of Fe II or Cr II intensity and only 2 times lower than the stability of laser pulse energy. For MeG beam reproducibility was slightly lower compared to other beams. Pulse -to -pulse study for single-spot sampling with Gaussian beam (a), for multimode beams for 83 mJ (b) and for 6 mJ (c) sampling. Intensity of Fe II 273.08 (a.u.) and Cr II 283.56 lines (a.u.) and optoacoustic signal (mV) were detected simultaneously. Gating parameters for spectra detection was width 2 µsec and delay 5 µsec for Gaussian and Multimode (83 mJ); width 2 µsec and delay 1 µsec for Multimode (6 mJ). For optoacoustic signal a first minimum of oscilloscope curve were used as a signal since its time delay were equal to the time that needed for sound to travel from laser spot to microphone. For Gaussian beam profile ablated mass didn't change significantly after 30 pulses and small decrease of intensity should be attributed to crater formation that resulted in lower fluence at crater surface. For case of multimode laser beam ablation we have detected that the mean value of intensity was increasing with pulse number accending while pulse -to -pulse intensity precision was decreasing. Reproducibility of ablated mass was the same for two beams and only one parameter differs dramatically for different laser beams: fluence profile reproducibility is almost 3 times poorer for multimode laser beam compared to Gaussian. Thus decrease of pulse -to -pulse reproducibility of intensity should be attributed to greater instability of fluence at focal plane for multimode laser beam. Additionally, unstable fluence profile resulted in ripples formation of crater bottom (Fig. 4) and next laser pulse of multimode beam with unpredictable fluence profile will interact with such crater that will enhance instability of fluence at crater surface and result in self unstable ablation. This consequence of laser beam interaction with sample (unstable fluence and ripples at crater bottom) will lead to decrease of pulse -to -pulse precision with pulse number ascending that was observed in Figure 7 .
Scanning sampling (multiple spots strategy) was achieved by rotation of the sample with every laser pulse arrives at new surface. Reproducibility of signals for all laser beams were poorer compared to stationary target (Table 4) . For multimode (6 and 83 mJ) and Gaussian laser beam sources reproducibility of intensities were nearly the same (about 30 %). If multimode beam was used for ablation than the absence of correlation between element concentration and intensity were detected for some analyte lines (Fig. 8 e, f) . For analytical lines with high excitation energy correlation could be obtained. The higher excitation energy level the better correlation between intensity and concentration was obtained. Gaussian beam ablation give better results, calibration curve can be obtained for all elements but precision and sensitivity was not so good as was obtained (Fig. 8 a) for stationary sample.
Low sensitivity and precision for calibration curve and even absence of correlation between signal and concentration for multimode beam sampling can be explained by strong influence of sample surface (oxides, impurities, etc.) and instabilities of ablation process. Fluctuation of lens -to -sample distance should be neglected in our conditions since this parameter instability was estimated to be less than 0.05 mm. According crater study discussed above higher ratio of diameter -to -depth was obtained for multimode beam thus less material was ablated from bulk compared to Gaussian beam ablation. For multimode beam profile surface influence was dominant under used experimental conditions. Higher peak fluence detected for Gaussian beam profile lead to narrow crater formation and more material is ablated from bulk than from surface. Based on these results it can be recommended to use single mode lasing for LIBS system based on single resonator (compact or low-cost system) or for single shot analysis (stand-off analysis or analysis of movable objects).
In order to increase reproducibility of obtained data each spectrum was collected by summing of 50 laser pulses. For single-spot sampling a 100 pre-ablation pulses were used before every measurement (to clear sample surface and to obtain stable laser ablation). This procedure resulted in 2-fold better reproducibility of measured intensity RSD (6%) for single and 3-fold better RSD (7%) for multimode beam (Table 4) . Same procedure of spectra detection were used for scanning sampling that increase signal reproducibility for up to 3 times for Gaussian and multimode ( 6 and 83 mJ) beams.
Single-spot sampling (stationary target) was used for all experiments with laser plasma study (comparison of signals, reproducibility, plasma temperature etc.) and determination of optimal parameter for analysis
Two detection schemes are widely use in LIBS for spectra registration: spatially resolved scheme (different plasma regions can be studied) and spatially integrated scheme (irradiation from different plasma parts are averaged). Widely used first scheme or side-view scheme (Fig.1 a) , implies that plasma image is projected by optical system on spectrograph input (spectrograph entrance slit). This allows detection of emission from different local points of plasma by moving of collecting optics. We used this side-view scheme for all measurement presented above. Second scheme uses optical system that transfers plasma irradiation on detection system with no spatial resolution (backscattering scheme, systems with optical fiber or stand-off telescopes). In our experiments we used a quartz optical fiber for space integrated detection scheme. Second detection optical scheme was used for the following reason. Laser plasma is a source with huge gradient of material density, plasma temperature and electron density. Consequently fluctuations of intensities observed for side-view scheme can be lowered if space integrated scheme is used for spectra detection. Side-view scheme for spectra detection could also lead to the overestimation of signal instability because spectrum is detected from small slice of plasma image (h x w , 4 x 0.05 mm)
while ripple features size is only 2 times smaller. Based on supposition that different optical schemes could influence on analytical capabilities of the system we compared two optical schemes in our study.
Two detection schemes and two sampling procedures result in four possible ways of signal detection. Only three of these detection combinations were used in this study: single-spot sampling with side-view and optical fiber detection schemes; scanning sampling with side-view. Procedure with scanning sampling and optical fiber detection was not presented in this paper since for multimode beam sampling we have detected absence of correlation between line intensity and concentration for some elements. If Gaussian beam were used for scanning sampling and optical fiber detection scheme than calibration can be performed but sensitivity was too poor for any reasonable analytical measurements.
Gating parameters
With laser-induced plasmas, it is generally required to use time delay prior spectra detection in order to avoid the intense initial continuum emission and improve the line resolution. This allows to detect spectra with good spectral resolution, low background and sufficiently high intensity. Optimal gating parameters for calibration were determined for single-spot sampling and spatially resolved optical scheme (side view scheme that used lens projection of laser plasma image with 1:1 magnification).
Gating parameters were determined for the three cases of laser beam separately because plasma's dynamics and properties were different. Exposure (width) and delay times were chosen based on better relation signal/(noise+background) (Fig. 9 ) and linear dynamic range of detector (data presented for Cr II 283.56). For atomic lines (Si, Mn, Cu) nearly the same dependence were observed with small shift of signal -to -background ratio maximum to later detection time. Determined optimal gating parameters (Table 4) were different for different laser beam sources while were chosen same for calibration with different spectral region, selected sampling procedure or chosen detection scheme. Absence of correlation for multimode sampling was explained by surface influence of laser ablation that was discussed above in details. For Gaussian beam sampling decrease of precision should be attributed to surface influence and instability of lens -to -sample distance. Quartz optical fiber was used for detection with alternative space integrated optical scheme.
Intensity in absolute values was 10 3 lower for such detection scheme since small diameter of fiber.
If multimode beam with low energy (6 mJ) was used for sampling than spectrum with small intensity was obtained and this fact didn't allow to use such beam for fiber detection scheme. Comparison of laser ablation with Gaussian (TEM00) and multimode laser beams generated at single resonator system were carried out. It was observed that despite 14 times lower energy for single mode beam a higher peak fluence for Gaussian beam can be achieved at focal spot. If
Gaussian and multimode beams have equal energy than 20 times different fluence profiles was obtained. For multimode beam we have detected that fluence profile was very unstable at focal spot compared to Gaussian beam. Gated and time integrated spectra were compared for two types of laser beams and based on this comparison a multimode beam sampling should be recommended for single resonator (compact or low-cost) LIBS systems.
Higher temperature and electron density were detected for laser plasma created with Gaussian beam that was explained by higher peak fluence at laser spot.
Two sampling procedures (drilling and scanning) were used for comparison of signal precision for Gaussian and multimode beam sampling. It was determined for single -spot sampling that reproducibility of analytical signal is strongly affected by chosen laser beam and this fact was explained by instabilities of fluence profile at focal spot for multimode beam. Scanning sampling resulted in poorer reproducibility for both beams. For multimode beam source it was determined that signal was strongly influenced by surface effects (impurities, etc.) and for some element calibration curve couldn't be obtained for scanning sampling. Consequently, sampling method (single-spot or scanning) should be carefully chosen in case of multimode beam sampling.
According these results for LIBS system based on single resonator (compact or low-cost system) it is preferable to use single mode lasing if only one shot at sample surface is possible to achieve (stand-off analysis or analysis of movable objects). Single mode laser beam is also preferable for analysis because of better precision can be achieved. However multimode laser beam should be recommended to use for analysis of trace elements because of higher intensity of spectrum. 
